I. INTRODUCTION

I
N ORDER TO meet the rising demand for low-cost, high-data rate communications in the context of an increasingly crowded wireless spectrum, future generations of radios will likely need to support new cooperative wireless networking techniques, while providing highly flexible center frequency and bandwidth control, and minimizing off-chip component count. One path to greater spectral efficiency, and a requirement for a number of cooperative schemes, is the ability to receive and transmit simultaneously in the same or closely spaced frequency bands. However, using present-day techniques, such full duplex functionality imposes conflicting requirements with flexibility and integration, requiring new circuit techniques.
An ideal full-duplex transceiver would perform concurrent transmit and receive functions, simultaneously, on the same antenna and at the same frequency. Such systems have been demonstrated, but typically require an off-chip, passive duplexer [1] which are costly in area and loss, employ an on-chip transformer [2] - [4] which limits frequency tuning range, or else utilize a multiplicity of antennas [5] , [6] . More traditional duplexing which separates receive and transmit in frequency (frequency-division duplexing) typically requires high quality filters, and so places restrictions on frequency tunability and/or filter integration. These various restrictions contrast with recent development in software-defined radios (SDR), which allow most of the parameters of a radio to be tuned dynamically and enable programmability in center frequency [7] , [8] , bandwidth [9] , receiver gain [10] , transmitted power, etc. However, a passive duplexer is still required to prevent transmit signals from saturating the receiver and the receiver from loading the transmitter [11] . Moreover, due to the narrow-band nature of passive duplexers, dynamic allocation of transmit and receive channels across wide-ranging, overlapping bands remains hard to implement.
Possible uses for in-band duplexing, in which a transceiver simultaneously transmits and receives in the same band or closely-spaced channels, can be further illustrated in the following scenarios, as shown in Fig. 1 : 1) receive a weak signal while transmitting a stronger signal in the same band, ideally increasing the spectral efficiency by a factor of 2, and enabling much simpler cognitive radio deployment, 2) concurrently receive and transmit in closely-spaced channels, allowing many-to-many communication and synchronization with short latency in the same general band, 3) receive and re-transmit with low latency, in which the transceiver is serving as a relay.
In wireless communication, the above capabilities, especially 1) and 2), can aid cognitive radio deployment in resolving contention problems and help resolve hidden/exposed node issues prevalent in wireless networks. In particular, these deployments would help the radios claim a part of the spectrum with concurrent reception and transmission in the same band, making their receive channel visible through overlapping transmission. In order to accommodate the reception contamination from transmission and the wide frequency range in dynamic channel allocation, the transceiver requires large transmit/receiver isolation and high tunability. For 3) in particular, this isolation also sets the criterion for system stability. Note that while in all of these cases, ideal full duplex would involve high power transmission combined with highly sensitive reception, many of these use cases can still prove useful in the context of much lower transmitted power, especially in the context of cooperative schemes among closely spaced receivers.
Recent innovations in communication theory also propose more advanced cooperative schemes to enhance wireless systems' performance, i.e., interference alignment [12] , distributed energy-efficient multiple-input multiple-output (MIMO) systems [13] , synchronization of local oscillators for beam-forming and others. All of these require or are enhanced by transceivers that provide in-band full-duplex links among local nodes [11] , combined with a low noise long-range down-link to communicate with base stations. Since many of these cooperative schemes can be envisioned as aiding a collection of nearby receivers, short-range transmit with relatively low transmitted power can provide reasonable link margin.
The in-band full-duplex operation together with these emerging applications require distinct ways to identify system specifications. Assuming a 2 MHz receive bandwidth, the thermal noise power is about 110 dBm, and with a typical noise figure of 6 dB, the overall noise strength is 104 dBm. In this case, a transmitted power of about 20 dBm implies that a transmit and receive isolation of at least 80 dB is required to avoid significant degradation. Our measurements throughout the paper show that our transceiver can achieve about 30 dB of analog isolation, while it has been shown (in [11] ) that an additional 50 dB of isolation can be supplied by digital signal processing (DSP) techniques at back-end. Overall, the above system specifications can provide a link margin of 80 dB, and with a SNR of 30 dB, a transmission loss of 50 dB can be tolerated. Using the free space path loss formula, the 50 dB loss translates to a transmission distance of about 15 m at frequency of 500 MHz, which is sufficient for short-range communication.
In this paper, we present a detailed discussion and characterization of the transceiver architecture presented in [14] with extended mathematical analysis and more complete characterization of receiving and duplexing operation. More specifically, we explore the dependency of full-duplex performance on both LO frequency and in-band transmit and receive frequency separation. Additionally, the tunability of the transceiver is also characterized in detail.
We will show that our in-band full-duplex transceiver can achieve 1) large linear and nonlinear transmit/receive isolation for enough link margin, 2) high sensitivity and low noise receive capability, 3) short-range transmit capability with moderate transmit power, 4) tunable competitive with resonant matching networks. Moreover, we will show that we can tune 1) to 4) across a wide range of LO and IF frequencies with control of biasing and digitally programmed baseband circuits.
II. CIRCUIT REQUIREMENTS FOR FULL DUPLEX RADIO
Full duplex radio places a new set of requirements on RF transceivers, and as such, requires a revisiting of standard specifications. The first point to note is that the system can now be viewed as a three-port network with frequency translation. These ports are: 1) a shared RF antenna port, 2) a baseband receiver output port, and 3) a baseband transmitter input port. Although the full scattering matrix will have nine entries, four of these are of especial interest. As always, provides a measure of the reflection (and so matching) of the RF port, provides a measure of voltage gain from RF port to the receiver output and describes the voltage gain from the transmitter input to RF port. Finally, provides a measure of transmitter leakage to the receiver output port and should be minimized. The effective isolation between the receiver and transmitter can be computed to be:
A second point is that although linear isolation is important, it can be improved dramatically with appropriate DSP, applying standard adaptive filter techniques. This suggests that overall performance will likely be limited by other phenomenon, such as distortion and noise degradation.
One mechanism is distortion due to nonlinearities interacting with the transmitted signal. The most straight-forward version is simple distortion of the transmitted signal itself. This can be catastrophic if the transmitted signal is large enough to cause clipping, and avoiding such saturation is a primary driver for analog suppression of the transmitted signal in the receiver path. However, softer nonlinearities can also be problematic, as they are not directly predictable from the ideal transmitter signal injected into the system, and will generate spurious signals in band. For example, the transmitter's interactions with moderate nonlinearity can be modelled by a low order polynomial: (2) where the quadratic and cubic terms are generally complex numbers, and generate additional in-band interference that cannot simply be cancelled by subtracting a weighted version of the transmitted signal. Such nonlinearity can be characterized by variants on the standard input-referred 2nd and 3rd order intermodulation intercept points. Specifically, a two-tone transmitter input will generate IM2 and IM3 products on the receiver output that increase with transmitter output amplitude. We can then input-refer these signals (to the shared RF port), and find their extrapolated intercept with the transmitter's output amplitude on the same port. Simple arithmetic predicts that these numbers will be:
where subscripts indicate the order (2 or 3), origin (TX) and output (RX) being described. Such nonlinear interference can be problematic even in cases where received and transmitted signals are orthogonal in frequency or code (while occupying the same general band) since both 2nd and 3rd order distortion cause leakage into adjacent channels. However, such nonlinearity can be modelled in DSP, and the relevant coefficients ( and ) can be learned, allowing for prediction and suppression of such spurious signals in the receiver.
More difficult to deal with are nonlinear interactions between received and transmitted signals, which will generate distortion terms that are not fully predictable from the transmitted signals alone, and so more difficult to compensate. Simple polynomial cross-nonlinearity will generate terms:
Once again, each of these terms can be characterized in terms of an intercept point. Here, one would set the transmitted and received signals at frequencies slightly offset from each other both in band and at the same amplitude on the RF port, and characterize the resulting cross-intermodulation terms (inputreferred to the RF Port). By sweeping the RF signals' strength, one can then extrapolate an intercept:
Once again, the subscripts indicate order, origin and output of the intermodulation. For simple, constant envelope modulation schemes, these may not pose a problem since they scale with received signal strength, and so act more like a modulation of gain than additive noise. However, for more complex schemes, such as higher-order QAM signals, such distortion can degrade EVM enough to cause bit errors. Note also that because the transmitted and received signals follow distinct paths through the circuit, there is no guarantee that and are equal nor that and are the same. Indeed, since these coefficients are likely to depend on the amount of transmitted signal present in receive path, they are likely to improve (decrease in magnitude) with improved linear isolation early in the transceiver.
One final way in which the transmitter can degrade the received signal is through noise. This can both be in the form of signal independent noise, injected by the transmitter even when signal amplitude is small, and signal-dependent noise due, for example, to bias noise injected by the transient circuit imbalances generated by the transmitted signal. To first order, the voltage noise of the receiver will take the form: (9) This implies that for symmetric links, increasing transmit power above a certain level results in diminishing returns for the link budget, since the receiver is desensitized even as the transmitter increases in power. Because the noise itself is stochastic, this form of degradation is ultimately the one least amenable to amelioration through DSP.
Thus. overall, the effective input noise floor of the receiver during transmission can be described by the combined equation: (10) where all voltages are understood to be RMS values. The coefficients and reflect the fact that the RMS values of these nonlinear terms depend not just on the RMS values of and , but also on their statistical distributions, which depend on their modulation schemes.
III. SYSTEM ARCHITECTURE The transceiver described here uses a shared passive mixer to interface with the RF port, employing the mixer's bi-directional transparency to simultaneously up-convert the signals on its baseband port and down-convert those on its RF port [15] . This two-way frequency translation property provides them with three distinct benefits over active mixers when used in full-duplex transceivers: 1) transmit and receive signals can be duplexed at baseband instead of the RF front end, preserving the high tunability of passive mixer-first radios, 2) a single 8-phase passive mixer, and thus the LO generation circuitry, can be used for both up-conversion and down-conversion saving a great amount of power, 3) sharing the mixer and LO generation circuitry prevents LO phase noise from mixing with the transmitter and degrading receive noise.
The noise properties of simultaneous up-and down-conversion are especially important when receive and transmit bands are closely spaced. Typical LO generation circuitry generates significantly higher phase noise at frequencies close to the nominal LO frequency than farther out, typically following dB/decade of offset frequency. This can be modelled by describing the LO signal as: (11) where is the magnitude of LO signal and is a Gaussian random variable with a power spectrum of . Consequently, the up-converted transmit signal (with magnitude and phase ) will be:
If the transmit and receive LOs are generated independently, driving separate up-and down-conversion mixers as shown in Fig. 2(a) , then, any phase noise on the transmit signal will be down converted by the receiver. Mathematically, if the transmitter LO has frequency and noise while the receive LO has frequency and noise , the resulting down-converted signal at the receiver output will be: (13) indicating a noise with magnitude proportional to that of the transmitted signal, as well as to the phase noise of both LOs, as shown in Fig. 2(a) . Note that this holds true even if . However, if a single LO is used, such that and then (14) which is to say that the signals that appears in the receiver output is equal to the baseband transmitter input signals, without corruption by LO phase noise, as shown in Fig. 2(b) . 3 shows the system architecture of our transceiver. A wideband programmable 8-phase LO generation circuit produces 12.5% nonoverlapping pulses which drive the passive mixer switches [10] , [16] . As shown in Fig. 4 , the divide-by-4 frequency divider consists of a four stage differential Johnson counter followed by AND gates to generate 25% duty-cycle pulses split by 45 . These pulses were then ANDed with the buffered LO to produce 12.5% pulses whose edges are defined by the buffered LO and thus insensitive to deviations in the counter. The baseband ports of the mixer are buffered by four differential baseband duplexing LNAs. The transmit input signals are also buffered by the same LNAs which provide isolation between the received and transmitted signals as well as tunable input impedance. Previous work has shown that 8-phase passive mixer-first receivers show much reduced harmonic loss relative to 4-phase systems. As a result, they can provide lower noise figure (NF), relatively large input impedance tuning range and rejection of certain harmonics with reasonable cost in power consumption and system complexity [10] , [16] . Similarly, for the transmitter, the 8-phase LO dramatically reduces the strength of harmonics radiated, suppressing spurious radiation.
The 8-phase transmitter inputs are generated off-chip from quadrature transmitter inputs, as shown in Fig. 6 . The 4-phase inputs are firstly generated by inverting and non-inverting amplifiers and then interpolated to produce 8-phase inputs. To balance the amplitude and output impedance of 8-phase inputs, a resistor network is constructed and the condition for balanced outputs is: 
IV. NOISE CANCELLING BASEBAND DUPLEXING LNA
Although sharing a passive mixer for both receiving and transmitting simplifies some RF aspects of duplexing, it requires a baseband amplifier able to simultaneously provide impedance matching, buffer the baseband transmit input signals into the mixer, and amplify independent baseband received signals with low noise and without also amplifying the transmitted signal. In order to accomplish this, we based our design on the well-known noise-cancelling LNA [17] , [18] .
As shown in Fig. 7 , a conventional RF noise-canceling LNA consists of a common-gate (CG) amplifier and a common-source (CS) amplifier with their inputs tied together [17] , [18] . The CG amplifier provides tunable input impedance and the CS amplifier cancels noise of the CG amplifier to enable sub-3 dB NF. To configure this circuit as a duplexing LNA, the gate of M1 is used for injection of the baseband transmitted signal instead of a fixed DC bias. The same mechanism for noise-canceling can also reject the signal injected to the gate of CG element [19] . 
A. Impedance Matching
The input of the CG branch in the duplexing LNA is directly connected to the baseband port of one of the mixer switches and provides an input impedance of: (17) This impedance will be up-converted and in the receive band, appear at the RF port as: (18) where in 8-phase mode, [10] . Note that for simplicity, we are neglecting harmonic loss phenomena here (modelled by a shunting resistance [10] ). Thus the condition for impedance matching is: (19) where is the RF source impedance (usually 50 ). Substituting (17) into (19) , should be set to:
On the other hand, the baseband LNA sees an effective source impedance of:
Therefore, when , (19) and (21) converge, suggesting that the RF front-end and the input of duplexing LNA achieve impedance matching under similar condition.
B. Cancellation of Transmitted Signals
As shown in Fig. 7(a) , the down-converted single-ended received signal is fed to the source of M1 and gate of M2, and generates out-of-phase outputs given by: With the input impedance matched, , this condition is the same as in (24).
C. Noise Analysis
The noise of M1 generates noise voltage at both outputs:
With input impedance matched and the same condition of (24), the noise at two outputs appears fully correlated. For differential outputs, ignoring noise from and , the noise factor is found by dividing the total output noise by the portion of that noise caused by M2:
To achieve sub-3 dB NF, it requires that . With input impedance matched, this condition becomes and therefore, . In our design, k and , yielding an ideal NF of 1.09 dB and a LNA gain of 13.2 dB.
In summary, with impedance matched, , we can achieve fully differential receive outputs, common-mode transmit outputs and noise cancellation of M1 all at the same condition in (24).
D. Differential Duplexing LNA With Load Sharing
Despite its merits, the single-ended duplexing LNA has several drawbacks. First of all, although appearing fully common mode, the transmit signal is still present at the LNA outputs, relying on an additional differential stage to actually reject transmit signals in the receiver. Moreover, large common mode transmit-derived signals can still saturate the LNA outputs and disrupt reception by the LNA. Ideally, the LNA would intrinsically suppress the common-mode, transmit-derived signals at its output.
To achieve intrinsic rejection, we designed a fully differential duplexing LNA. By sharing the load resistor between the CS and CG branches of the LNA, the common mode transmitted signal can be canceled, as shown in Fig. 8 . More specifically, the voltage drop across and due to the transmitted signal will be: (31) (32) such that the LNA outputs are:
With exactly the same condition in (27), the transmitted signals are cancelled at the LNA outputs.
Another drawback of the single-ended duplexing LNA is that the bias points of M1 and M2 interact, making it difficult to independently tune and . Thus as in Fig. 8 , the two M2 transistors with differential inputs also form a differential pair so that can be tuned separately from by the bias current of , while at the same time better common mode rejection is achieved. As mentioned above, larger is preferred for lower noise implying larger . To provide larger voltage headroom for M2, a PMOS bias current is added to reduce the bias current and thus the DC voltage drop across .
E. Duplexing LNA With Capacitive Load for Larger Cancellation Bandwidth
As transmit baseband frequency increases, the baseband sampling capacitors cannot be ignored, making the source impedance complex and variable as a function of baseband frequency. To maintain the cancellation of transmitted signal, a digitally programmable capacitor was added to the load of the CG amplifier, as shown in Fig. 9 . In this case, the cancellation condition in (27) changes to:
For perfect cancellation, should be in parallel with but placing in parallel with can also increase the capacitance at the shared node between CG and CS amplifiers, and help stabilize the LNA. Moreover, since can still cancel the most effects of for moderate values of baseband frequency .
F. Complex Feed-Forward Network for Wideband Duplexing Performance
One remaining issue is that across the operating RF frequency range, especially at high RF frequencies, antenna impedance can take on different complex parts, which results in a complex source impedance of instead of a real resistor of , making it impossible to satisfy the condition in (27). To still achieve cancellation of transmitted signals and noise, we added baseband trans-conductance paths from I to Q and back as shown in Fig. 10 , effectively making complex; in this case, (27) changes to: The sign of is controlled by the polarity of the complex feed-forward paths and the magnitude of can be solely tuned by the bias current of the feed-forward differential pairs. With properly set , the canceling condition in (24) can be satisfied across the entire frequency range.
Mapping this back to s-parameters, we find the parameters shown in (38-41) at the bottom of the page, where is the gain of baseband amplifiers after the LNAs.
V. MEASUREMENT RESULTS
This transceiver was fabricated in 65 nm CMOS process, with an area of 1.5 mm , as shown in Fig. 11 . It functions across a wide frequency range of 0.1-1.5 GHz and consumes 43 mW to 56 mW, depending on frequency (7-20 mW from LO and mixer with 1.2 V supply and 36 mW from baseband with 2.5 V supply). Fig. 12 shows the double sideband (DSB) NF and receive gain of the transceiver across operating frequency. The NF ranged amplifiers). The baseband amplifiers have three programmable gain setting (30 dB, 35 dB and 40 dB) to cover a larger dynamic range. With the high linearity mode on, the three programmable gain setting corresponds to 20 dB, 25 dB and 30 dB. In Fig. 13 , was measured with different LO frequencies. The frequency of optimum tracked LO frequency and a 20 dB optimum was maintained across a wide frequency range. As in (10), the input impedance can be solely controlled by varying the bias current of M1, as shown in Fig. 14 . Fig. 15 demonstrates that the matching bandwidth can also be tuned by the digitally programmable sampling capacitors which can be tuned from 2 pF to 64 pF, setting the receive bandwidth from 6 MHz to 192 MHz. The out-of-band and in-band linearity of the transceiver were also fully characterized to demonstrate the capability to deal with large interference, especially transmitted signals from other nearby radios. Fig. 16 shows receive gain compression for a 700 MHz RF input due to a blocker at different frequency offset. We define the gain compression level as the power of blocker which makes the received signal diminish by 1 dB. Fig. 17(a) shows the out-of-band IIP3 measured using two tones (one at 900.15 MHz and the other at 800 MHz) with a 700 MHz LO (generating an IM3 product at 700.85 MHz which was then down-converted to a 150 kHz IF). The out-of-band IIP3 was measured to be dBm, which was dominated by the mixer switches [10] . In Fig. 17(b) , the in-band IIP3 was also measured using two tones (700.25 MHz and 700.35 MHz) with a 700 MHz LO (generating an IM3 product at 700.15 MHz which was then down-converted to a 150 kHz IF). The measured in-band IIP3 is 38.7 dBm, which was dominated by the baseband circuitry and dependent on offset frequency [10] . The second order nonlinearity was also characterized with two types of IIP2 measurement. In Fig. 18(a) , the IIP2 was measured to be 37.9 dBm using two tones (one at 900.35 MHz and the other at 200.2 MHz) with a 700 MHz LO (generating an IM2 product at 700.15 MHz which was then down-converted to a 150 kHz IF). In Fig. 18(b) , another type of IIP2 was measured to be 71.4 dBm using two tones (one at 900.35 MHz and the other at 900.2 MHz), with a 700 MHz LO (directly generating an IM2 product at 150 kHz).
A. Basic Receiver Performance
B. Duplexing Performance
To characterize the cancellation of the transmitted signals, we define a metric of the linear transmit/receive isolation .
where is the peak voltage of the transmitted signal at the RF front-end, is the receive gain and is the peak voltage at the baseband transmitted frequency measured at the receive output: this is the same defined in Section II. In this case, is the expected peak voltage at the baseband transmitted frequency at receive output without any transmit/receive isolation. Fig. 19 shows the effect of increasing the transmitted power on the transmit/receive isolation with the transmit and receive frequency separated by 135 kHz. Due to device mismatch, the 8 output channels did not provide exactly the same isolation. For the root mean square (RMS) average across all 8 output channels, the isolation remained above 33.5 dB until the transmitted power reached 17.3 dBm, while for the channel with the least isolation, it was always above 28.3 dBm. The maximum transmitted power in our design was 7.1 dBm with transmitter 1 dB gain compression point at 9.8 dBm, which was limited by the overdrive voltage of M1 (as in Fig. 7) . With increased overdrive voltage, the transmitted power can be further boosted which is eventually limited by the linearity of passive mixers, setting the maximum transmitted power to be approximately 0 dBm.
While at a system level, 30 dB of linear transmit/receive isolation is not sufficient for many applications, this linear isolation in the analog front-end can prevent the transmitted signals from saturating the receiver and as long as the transmit leakage does not saturate the receiver, residual transmit leakage can further be canceled in back-end DSP by more than 50 dB [11] . In this case, it is more important that the analog circuitry avoid mechanisms by which the transmitter desensitizes the receiver unpredictably. Fig. 20 shows the degradation of receive NF and gain for varying transmitted power. The receive gain was compressed by 1.3 dB at the transmitted power of 17.3 dBm, while the NF remained constant before a rapid degradation starting at about 25 dBm. Thus, the noise figure can be described well by:
To demonstrate the effect of isolation in improving noise degradation, the same measurements were done using an external RF input at the same frequency and power level as the transmitted signals. As shown in Fig. 20 , the equivalent, external RF signal degraded NF by the same amount at a 28 dB lower power than for the actual transmitter with equivalent RF power, while for receive gain compression, this difference was about 35 dB.
It is important to notice that for communication between duplexing transceivers, it is the link budget instead of the transmitted power that determines the communication quality. When the transmitted power of one transceiver increases, the receiver input SNR to another transceiver also increases. However, assuming a symmetric link, the second receivers' transmit power is also increasing; as mentioned in Section II, if the receive NF increases more than the transmitted power, the overall SNR starts to decrease. Therefore, although the maximum transmitted power in this design was 7.1 dBm, the link margin ceased to improve beyond 17.3 dBm.
Figs. 21 and 22 demonstrate the effect of changing the bias current of M2 on the transmit/receive isolation and receive desensitization. As mentioned before, the condition in (24) can be controlled by and the measurement results showed that the optimum isolation, receive NF and gain all happened at similar bias condition, which verified our analysis in Section III.
Also of interest is the effect of in-band frequency separation between transmit and receive. Figs. 23 and 24 characterize the transmit/receive isolation and receive desensitization with the received signal fixed at 300 kHz and the transmitted signal of 25 dBm at different frequency separations. The isolation with respect to the average across outputs remained above 35 dB and the receive gain varied by less than 1 dB while the NF increased when the frequency separation decreased to less than 100 kHz. It is worth mentioning that to first-order, the isolation is independent of the frequency separation between transmit and receive. Thus only a slight change was seen with sweeping TX/RX spacing across 300 kHz. Fig . 25 shows the bandwidth of high transmit/receive isolation, which demonstrates the effect of . This bandwidth sets the transmit bandwidth and the maximum frequency separation between transmit and receive. As discussed in Section IV-D, this isolation will degrade with in-band frequency due to the complex source impedance presented by the baseband sampling capacitors . Fig. 25 shows the isolation across in-band frequency with different values of . With proper , the isola- tion only decreased by 7.9 dB at 1.5 MHz compared to 15.7 dB in the worst case. The wideband duplexing performance across RF frequency was also characterized. Fig. 26 shows the measured transmit/receive isolation across RF frequency and demonstrates the effect of tuning complex trans-susceptance in the feed-forward paths. Optimizing improved isolation by as much as to 16.8 dB. To further confirm the utility of complex trans-susceptance, the isolation, receive NF and gain were measured for varying with the transmitted power of 22 dBm, as in Figs. 27 and 28. Again, the optimum NF, receive gain and isolation were all achieved with similar bias current of the complex feed-forward amplifiers.
Note that while and must be adapted as frequency or antenna impedance vary, they can easily be tuned on-the-fly by monitoring the transmit leakage present on the receiver outputs and adapting the bias current of M2 and the feed-forward amplifiers to suppress the leakage. Moreover, since the leakage can be monitored, other slow-changing parameters, such as process and temperature variation, can similarly be adapted to. The tuning of and was manual in the current test setup, but closed-loop control can be implemented on-chip with correlators and tunable bias circuitry or off-chip with ADC and DSP.
As discussed in Section II, distortion terms generated by the transmitter and/or by intermodulation between transmit and receive signals can also limit receiver performance. A series of 2-tone tests were performed to characterize the four possible cases of in-band 3rd-order intermodulation: receive-receive (RX-RX), receive-transmit (RX-TX), transmit-receive (TX-RX) and transmit-transmit (TX-TX). For two input tones at frequencies and , an IM3 tone at the frequency of will be generated and its signal power is expected to be proportional to (thus transmit-receive and receive-transmit are different cases). In the same measurements, an IM2 tone will be present at the frequency of with its signal power proportional to (thus transmit-receive and receive-transmit are identical). To demonstrate the effect of transmit/receive isolation on the nonlinear intermodulation, the input-referred IM3 and IM2 was measured for varying input (4), (7) and (8), were also shown in Fig. 31(a) . Similarly shown in Fig. 31(b) are the IIP2 in RX-RX intermodulation and the variants of IIP2 in the other two cases, as defined in (3) and (6) . As illustrated in Fig. 32 , the cross-intermodulation between receive and transmit can happen at front-end mixer interface or baseband back-end. The nonlinearity of the front-end does not benefit from the linear transmit/receive isolation of the baseband duplexing LNA and would result in a similar IIP3 with transmit signals involved as in the case of RX-RX intermodulation, as indicated by the red line in Fig. 29 . However, for the back-end nonlinearity preceded by the gain of the LNA as well as its transmit rejection, transmitted-induced intermodulation terms will be suppressed due to the linear transmit and receive isolation. Because transmitted but not received signals experience this suppression, one would expect a different suppression ratio based on the particular signals interacting to generate the intermodulation terms. As in Fig. 27 , in normal mode, the linear voltage isolation of 33.5 dB resulted in an 18.5 dB power reduction in the transmitter contribution to the RX-TX IIP3 and a 30.7 dB power reduction in the transmitter contribution to the TX-RX IIP3, suggesting that in both cases, the back-end nonlinearity dominated. However, the IIP3 in the TX-TX intermodulation was only reduced by 38.0 dB (instead of approximately 55.5 dB reduction that is expected if the back-end dominated), indicating that the front-end nonlinearity also can have major effect. Similarly, the linear isolation resulted in a 34.1 dB reduction in the transmitter contribution to the RX-TX IM2 and only a 44.6 dB power reduction to the TX-TX IM2. This phenomenon was verified in enhanced linearity mode where the back-end included source degenerated amplifiers. Although both 2nd and 3rd order nonlinearity generally improved, the RX-RX case benefited the most, suggesting transmit interactions were dominated by front-end effects.
VI. CONCLUSION
In this work, we presented a new type of active wideband full-duplex transceiver capable of in-band concurrent transmission and reception across a frequency tuning range of 0.1-1.5 GHz. The transceiver generally achieved high receiving performance with close to 6 dB NF, lower than 30 dB and up to 25 dBm of out-of-band IIP3, which provides sufficient sensitivity and interference tolerance to support long-range receiving capability. At the same time, the circuit supports short-range transmission with maximum transmitted power of 15 dBm. Critically, these two functions can be performed simultaneously with only mild performance degradation and high isolation between same-channel transmit and receive.
A passive mixer-first architecture was used to allow a single mixer to perform both up-conversion and down-conversion, moving the duplexing operation to baseband. A baseband duplexing LNA scheme was developed which generated differential receiver outputs and common-mode transmitter outputs. Additionally, we have also introduced a fully differential duplexing LNA with load sharing techniques to cancel the transmitted signals before they reach the output. In order to deal with complex antenna impedance and parasitics, we proposed a complex feed-forward network to produce complex trans-susceptance so that the cancellation condition can be maintained across the entire frequency range of operation.
Finally, a series of metrics were developed to characterize this new type of duplexing transceiver. A linear transmit and receive isolation was defined which quantifies the rejection of transmitted signals at the receiver outputs and the receiver desensitize (NF degradation and gain suppression) that reveals how the transmitted signals degrade the receiving performance. The nonlinear isolation between transmit and receive can be quantified by the extended definition of cross-intermodulation and input intercept point.
